The mechanical properties of a sample of baker's yeast cells were measured by micromanipulation. The relationship between the force required to burst a single cell and its corresponding diameter was established. For stationary phase cells, the compressive force required to burst a cell varied between 55 and 175µN, with a mean value of 101 Ϯ 2µN. This is a substantial force compared to that required to burst a single mammalian cell (1.5-4.5µN), which presumably reflects the lack of a cell wall of the latter. From measurements on 120 cells, there was no significant dependence of bursting force on yeast cell size. The micromanipulation method will be valuable for studying the dependence of mechanical properties of yeast cells on fermentation conditions, and the consequential effects of their behaviour in process disruption operations.
Introduction
Yeast cells are widely used to produce intracellular bioproducts of commercial interest. High pressure homogenisation is a key unit operation used to break such micro-organisms. Optimisation of this process has been constrained by a lack of information about the mechanical properties of microbial cells (Middelberg, 1995) .
Experimental investigation of the mechanical properties of cells began in the second quarter of this century with studies on animal cell membranes (Cole, 1932) . Methods of investigating membrane mechanical properties included cell compression, cell stretching between two needles, micropipette aspiration and deflection of the surface by a rigid spherical particle (Hiramoto, 1970; Hochmuth, 1987) . However, when ultimate membrane failure properties are of interest, a technique that produces large deformations is required. For such an application, compression between two flat surfaces is most suitable. This is, indeed, the basic principle of the micromanipulation technique, developed initially for characterising the mechanical properties of animal cells (Zhang et al., 1991; 1992) .
Besides animal cells, the micromanipulation group at the University of Birmingham has developed micromanipulation techniques to measure the mechanical properties of plant cells (Blewett et al., 1997) and other biological and non-biological particles (Thomas and Zhang, 1998) . As these cells and particles vary in size from several to hundreds of microns in diameter or length, it seemed possible that a similar technique could be used to measure the mechanical properties of single yeast cells. Unlike animal cells however, yeast cells have a rigid wall which determines cell shape and protects the protoplasm it envelops (Fleet, 1991) . To appreciate the mechanical strength of yeast cells, and the factors that contribute to that strength, it is necessary to know some information about cell mechanical properties. Micromanipulation might be used for this purpose, following some modifications of the original method (Zhang et al., 1991) to allow for the slightly smaller sizes of yeast cells, and their likely larger strengths due to their cell walls. Preliminary work demonstrated that this was possible (Roberts et al., 1994; Srinorakutara et al., 1995; Srinorakutara, 1997) . In the present work a completely new design of micromanipulation rig was used, and extensive data were collected on a commercially available yeast preparation.
Materials and method
Preparation of the yeast cells A commercial preparation of baker's yeast cells (Fermipan instant yeast, Gist-brocades, Delft, The Netherlands) was re-suspended in an Isoton II solution which is a standard diluent for Coulter counting (Coulter Electronics Ltd., Hertfordshire, UK) at 1.4 g dry cell weight per litre and stored at 6°C for 24 h. Cells were fixed by formaldehyde (0.1% v/v) to prevent further physiological changes and warmed to room temperature (24°C) prior to strength measurement and size analysis. This protocol provided a reproducible suspension of late stationary cells (Kleinig, 1997) .
Micromanipulation technique
The basic principle of this technique is to squeeze a single yeast cell in a drop of medium on a glass slide, by stamping it between a glass probe with a flat end and the slide surface as shown in Figure 1 .
The probe is made of a single optic fibre with a diameter of 50 m, and is fixed into the output tube of a force transducer (Model 406A, Cambridge Technology, Watertown, USA) using paraffin wax. The 406A series transducer has a response of Ϯ490 N full scale at a resolution of 0.01 N. The compliance of the transducer is 0.01 m N
Ϫ1
. The probe is driven downwards, squeezing the cell, by a fine micromanipulator with a motion of claimed accuracy of Ϯ0.2m (Micro Instruments, Oxford, UK).
When a cell is being squeezed, the force being imposed on it is measured by the transducer, the voltage (magnitude of force) output from which is sampled by a personal computer via a PC-30D, 12 bit accuracy data acquisition system (Amplicon Liveline Ltd., Brighton, East Sussex, UK). A schematic diagram of the micromanipulation apparatus is presented in Figure 2 .
Experimental procedure A drop of cell suspension (20 L) was put onto the microscope slide using a micropipette. Cells rapidly settled from the cell suspension to rest on the glass slide. The microscope was focused on these settled cells. The optic fibre probe was manually lowered towards the slide and stopped at a distance of approximately 10-15 m above the slide surface. The glass slide was moved using the stage micromanipulator to position an individual cell, chosen randomly, beneath the probe's tip. The fine micromanipulator holding the transducer was initiated to move downwards at a pre-assigned speed of 1.53 m s
. Single cells were usually squeezed continuously to bursting, but in some trials they were squeezed so that bursting did not occur, held for about 7 seconds, and then squeezed again in order to ascertain whether there was any force relaxation during holding. In either case, after cell bursting, the micromanipulator kept moving down, squeezing the cell debris and moving a short distance against the slide. It was then returned to its starting position. During this operation, the force being imposed on the probe was measured by sampling the voltage signal from the force transducer. A sampling frequency of 100 Hz was used and a sampling time of 40 s. This was adequate to record the voltage output versus time for the deformation and subsequent 
